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Nano-sized Pt–Pd/C and Pt–Co/C electrocatalysts have been synthesized and character-
ized by an alcohol-reduction process using ethylene glycol as the solvent and Vulcan XC-
72R as the supporting material. While the Pt–Pd/C electrodes were compared with Pt/C
(20 wt.% E-TEK) in terms of electrocatalytic activity towards oxidation of H2, CO and H2–
CO mixtures, the Pt–Co/C electrodes were evaluated towards oxygen reduction reaction
(ORR) and compared with Pt/C (20 wt.% E-TEK) and Pt–Co/C (20 wt.% E-TEK) and Pt/C
(46 wt.% TKK) in a single cell. In addition, the Pt–Pd/C and Pt–Co/C electrocatalyst
samples were characterized by XRD, XPS, TEM and electroanalytical methods. The TEM
images of the carbon supported platinum alloy electrocatalysts show homogenous
catalyst distribution with a particle size of about 3–4 nm. It was found that while the
Pt–Pd/C electrocatalyst has superior CO tolerance compared to commercial catalyst,
Pt–Co/C synthesized by polyol method has shown better activity and stability up to 60 C
compared to commercial catalysts. Single cell tests using the alloy catalysts coated on
Nafion-212 membranes with H2 and O2 gases showed that the fuel cell performance in the
activation and the ohmic regions are almost similar comparing conventional electrodes
to Pt–Pd anode electrodes. However, conventional electrodes give a better performance in
the ohmic region comparing to Pt–Co cathode. It is worth mentioning that these catalysts
are less expensive compared to the commercial catalysts if only the platinum contents
were considered.
ª 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.1. Introduction energy efficiency [1–6]. Two possibilities of eliminating orOne of the challenges in proton exchange membrane fuel
cells (PEMFC) is the requirement of very pure hydrogen (with
much lower than 5 ppm CO), which is typically produced via
steam reforming or partial oxidation of natural gas, meth-
anol, or other liquid fuels. The CO poisoning of the Pt cata-
lysts leads to significantly decreased output power and62; fax: þ90 212 285 6386.
adirgan).
sor T. Nejat Veziroglu. Pudecreasing the poisoning effect of CO are well known. The
first is the increase of fuel cell working temperature [7–9]. It is
shown that at about 200 C the Pt catalysts can be tolerant up
to a CO content of 20,000–30,000 ppm. The second way is
based on development of new CO tolerant anodic catalysts.
Bimetallic alloys are widely used as electrode materials in
fuel cells, especially for the electro-oxidation of CO [10–13].blished by Elsevier Ltd. All rights reserved.

















(a) 20 wt % Pt/C E-tek

























Pt   0.15
(Pt0 + PtX+)
Pd   0.16
(Pd0 + PdX+)
Fig. 3 – XPS spectra of Pt–Pd/Vulcan XC-72R.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 0 9451Two mechanisms are proposed for the improvement of CO
tolerance by bimetallic alloys. One may be attributed to the
facilitation of the Pt–COads oxidation in the presence of
a second metal by supplying oxygen atoms. The other is the
ligand mechanism, wherein the electronic structure of Pt is
modified by forming an alloy with the second metal. This
results in weakening of the CO adsorption on platinum. Both
of the two mechanisms imply that Pt and the promoting
metals should be in intimate contact at the atomic scale or
form alloy nano-clusters with compositional homogeneity
[4]. Notable enhancement of the electrocatalytic activity of
platinum has been observed by introducing a second metal:
Pt–Ru [14,15], Pt–Sn [16,17], Pt–Pd [18–20], Pt–Rh [21], Pt–Mo
[22]. Making alloys with a second or third metal is a conve-
nient way to modify electrocatalytic properties of Pt in order
to overcome the poisoning effects which results in lower
surface coverage by the adsorbed CO.
Additionally, it is well known that most of the perfor-
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Fig. 2 – X-ray diffractograms of Pt/C and Pt–Co/Vulcan
XC-72R.oxygen reduction reaction (ORR). Many investigations have
shown that Pt-based alloy electrocatalysts [22–28], such as
Pt–M, (where M ¼ Co, Ni, Fe, V, Mn or Cr) have significantly
higher electrocatalytic activity towards ORR than platinum
for PEMFCs. It has also been observed that the use of Pt–Co
electrocatalysts for the ORR may improve the cell perfor-
mance with respect to Pt alone in PEMFCs. On the basis of
ORR activity versus PtePt bond distance on Co content in the
alloy, the optimum Pt:Co atomic ratio was determined to be
about 3:1 [23]. However, one of the authors’ groups showed
that the best performance with the maximum catalytic
activity and minimum polarization using Pt:Co/C was
obtained with an atomic ratio of around 1:7 prepared by
a low temperature reduction procedure using sodium
formate [28]. According to Arico et al. [29], the amount of
platinum oxide in the alloy electrocatalysts decreases with
increased Co content.
On the other hand, the high cost of the platinum is one
of the reasons for its limited use. In fact, in order to improve
the reaction kinetics and decrease the cost, it is necessary
to develop new multi-functional catalysts. Thus, great
efforts have been devoted to the development of fuel cell
electrocatalysts with a focus in increasing their electro-
catalytic activity and reducing the noble metal content
[30–35]. Development of direct methanol fuel cell anode
catalysts in recent years is reviewed focusing on exploration
of a new development of catalysts with a low metal content
and non-noble metal elements through combinatorial
method, carbon supporting strategies and catalyst prepa-
ration methods [36]. Mainly Pt–Ru catalysts with respect to
activity improvement and utilization optimization, prepa-
ration of novel carbon materials as catalyst supports to
create a highly dispersed and stably supported catalyst have
been the focus of various investigations. The role of nano-
structured supports, such as ordered mesoporous carbon
and electrocatalytic properties of various metals such as
Pt–Ru, Pt–Sn, Pt–Mo, Pt–Ru–Mo–W, Pt–Ru–Os–IrO, Pt–Ir and
Fig. 4 – (a) High resolution TEM image of Pt–Pd/Vulcan XC-72R (scale bar [ 5 nm), (b) low magnification of TEM image of
Pt–Pd/Vulcan XC-72R (scale bar [ 20 nm) and (c) EDAX data of Pt–Pd/Vulcan XC-72R.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 09452Pt–WO3 are reviewed [37] specifically for applications in fuel
cells. The performance that would be needed for a cost-free
non-Pt catalyst is also defined to represent the most likely
route for the automotive fuel cells in ref. [38] and references
there in. CO tolerance of Pt rich platinum–palladium carbon
electrocatalysts prepared by chemical reduction of their
corresponding salts and formaldehyde as the reducing
agent attained improved performance [39,40], compared to
both Pt and Pt–Ru for Pt:Pd (1:4), fraction at 80 C. The
electrocatalytic reactions through the study of model
systems such as pure metal single crystals and well-char-
acterized bulk alloys have been studied [41], as models for
real electrocatalysts and some directions for developing
more realistic systems have been proposed.
In the present study, carbon supported nano-sized Pt–Pd
and Pt–Co electrocatalysts are prepared by the polyol process in
the absence of surfactants. The electrocatalytic activity of
Pt–Pd/C catalyst towards electro-oxidation of H2, H2
(2%) H2 þ 2% CO CO and CO and electrocatalytic activity of
Pt–Co/C for ORR are investigated and compared with
a commercial 20 wt.% Pt/C (E-TEK) and 46 wt.% Pt/C (TKK,
Japan) electrocatalysts. The Pt–Pd/C and Pt–Co/C electro-
catalyst samples are characterized by XRD, XPS and TEM.
Nafion-212 electrolyte based membrane electrode assembliesare also prepared using Pt–Pd/C and Pt–Co/C electrocatalysts
and single cell performances are evaluated with H2 and O2 at
70 C, 100% RH.2. Experimental
2.1. Catalyst synthesis
The amount of chemicals in metal bases are calculated from
the stoichiometric ratio of metals in precursors. The Pt–Pd/C
(with an atomic ratio of 1:1) and Pt–Co (1:1) catalysts were
prepared using their salts such as H2PtCl6.6H2O, PdCl2 or CoCl2
on carbon black (Vulcan XC 72) supports. For the preparation
of Pt–Co (1:1) catalysts; 11.67  103 g CoCl2 and 46.74  103 g
H2PtCl6.6H2O is used. A total of 30% metal in weight of cata-
lysts (Pt–Co) is prepared mixing 53.43  103 g C with
49.48  103 g Pt–Co metal based salts. Vulcan XC-72R, CoCl2
and H2PtCl6 are dissolved in diethylene glycol, respectively.
The solution is then heated to boiling temperature of the
solvent (w245 C) under constant stirring and refluxed for 2 h.
After the suspension is allowed to cool to room temperature,
the black precipitate is isolated by centrifugation and washed
thoroughly with de-ionized water. As-synthesized samples
Fig. 5 – (a) TEM image of Pt–Co/Vulcan XC-72R (scale
bar [ 5 nm) and (b) EDAX data of Pt–Co/Vulcan XC-72R.



















Fig. 7 – Comparison of the first and second cycle of CO
stripping curves of Pt/C (E-TEK) and Pt–Pd/C in 0.1 M HClO4
at 0.1 V/SCE, 25 8C, 20 mV sL1.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 0 9453are heat treated overnight at 90 C under vacuum. Catalyst
containing ink solution was prepared by ultrasonic mixing of
a solution containing 2 ml water, 5.4 ml Nafion 5% and 900 mg
of catalysts. Then calculated quantity of ink (depending to the
surface used) was applied on a glassy carbon electrode with an
injection to obtain 10 mg cm2 total metals loading for Pt/C, Pt–
Pd/C and Pt–Co/C.
The Pt–Pd (atomic ratio of 1:1) electrocatalyst (30 wt.% on
Vulcan XC-72R) is prepared by similar calculation way using
H2PtCl6.6H2O and PdCl2 precursors in ethylene glycol solvent.
PdCl2 was first dissolved in ethylene glycol and stirredFig. 6 – Particle size distribution of Pt–Co/Vulcan XC-72R.overnight at room temperature. Then, H2PtCl6.6H2O is added
to this solution. Finally, NaOH solution (in ethylene glycol)
was added, and then heated in an oil bath to 160 C under
flowing nitrogen gas for about 3 h. After forming a dark brown
colloidal solution, the Vulcan XC-72R is added. In order to
deposit the unprotected catalyst metal nano-particles on the
Vulcan XC-72R, the pH is reduced to 1. The resultant reaction
product filtered and washed with de-ionized water and then
dried at 110 C under vacuum overnight.
The catalysts synthesized are compared with Pt/C (E-TEK)
20 wt.% and Pt–Co/C (E-TEK) 20 wt.%.
2.2. Gas diffusion layer
Gas diffusion layers are fabricated with a teflonized non-woven
carbon paper obtained from Hollingsworth & Vose Company
(West Groton, MA). Hydrophobic characteristic of the micro-
porous layers is provided by TE5839 Teflon suspension (Dupont,
Wilmington, DE). Vapour grown carbon fibre (VGCF-H) type
carbon (Showa Denko America Inc., NY) is mixed with nano-
chain PUREBLACK 205-110 Carbon (Superior Graphite Co., Chi-
cago, IL) to provide improved mechanical strength and adhesion
of the micro-porous layer with the macro-porous layer [36]. In
order to fabricate the micro-porous layers, slurry of carbons
(75 wt.% pureback carbon and 25 wt.% nano-fibrous carbon
(VGCF)) with PTFE dispersion (25 wt.%) in isopropanol is
prepared by ultrasonication followed by magnetic stirring, along
with Novec 7200 dispersion agent (3M Electronics, MN). The
slurry is coated on to the non-woven carbon paper using wire
wound rods, obtained from RD Specialties, NY by a motorized
set-up developed in-house. Subsequently, carbon paper with the
micro-porous layer is dried at 150 C for 2 h and then sintered at
350 C in air for about an hour. The carbon loading for the micro-
porous layer is between 2.5 and 3 mg cm2 with RDS50 wire rods.
2.3. Catalyst coated membrane
Catalyst coated membranes (CCM) with 5 cm2 active area are
fabricated using Pt–Pd/Vulcan XC-72R, Pt–Co/Vulcan XC-72R
Table 1 – Onset potential and maximum current values for H2 D 2% CO and CO stripping at 0.1 V/SCE with a sweep rate of
20 mV sL1.
Electrocatalysts H2–CO stripping CO stripping

















20% Pt–E-tek 50 435 0.150 0.154 22 400 0.172 0.427
30% Pt–Pd (1:1) 24 412 0.190 0.212 48 384 0.156 0.362
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 09454and commercial Pt/C catalyst (TKK, Japan) slurry in iso-
propanol (20 ml for 1 g of electrocatalyst) using the micro-
spray method for anode and cathode sides on Nafion
membrane (NRE 212, Ion Power Inc., New Castle, DE). The
isopropanol is added after purging the catalyst powder in
flowing nitrogen gas for about 30 min to avoid any flame/
ignition. In order to extend the reaction zone of the catalyst
layer, 5% Nafion solution (10 ml Nafion solution for 1 g of
electrocatalyst) is added to the catalyst slurry. The membrane
is fixed in a home-made fixture to ensure anode and cathode
catalyst layers are exactly on the same area of the membrane.
The catalyst loadings on the anode and cathode sides are
about 0.5 and 1 mg catalyst cm2, respectively. The catalyst
coated Nafion-212 membrane is vacuum dried at about 70 C
for an hour before assembling it in the fuel cell test cell.
2.4. Membrane electrode assembly and fuel cell
performance
The GDLs and the CCM are assembled by just sandwiching
inside the single cell test cell (Fuel Cell Technologies Inc,
Albuquerque, NM). Gas sealing is carried out using silicone
coated fabric materials (Product #CF1007, Saint-Gobain
Performance Plastics, USA) and with a uniform torque of 40 lb
in. The single cell fuel cell performance for various GDLs is
evaluated at 70 C, and 100% RH using Greenlight Test Station
(G50 Fuel cell system, Hydrogenics, Vancouver, Canada). The
gas flow rates are fixed at 200 and 400 SCCM for hydrogen and















Fig. 8 – Comparison of the first and second cycle of
H2D (2%)CO stripping curve of Pt/C (E-TEK) and Pt–Pd/C in
0.1 M HClO4 at 0.1 V/SCE, 25 8C, 20 mV s
L1.by holding the cell at each current density values for 60 s. The
performances of the single cells are measured by coupling the
Pt–Pd/C as well as Pt–Co/C electrocatalysts with commercial
Pt/C (TTK Catalyst, Japan) based electrodes [35].3. Characterization of catalysts
3.1. Spectroscopic methods
The physical and chemical characteristics of catalyst are
studied using the methods of X-ray photoelectron spectroscopy
(XPS) and X-ray diffraction analysis (XRD). X-ray diffraction
pattern of Pt/C (E-TEK) and the alloy catalysts are obtained using
a diffractometer using Cu Ka radiation at a scanning rate of 0.5/
min, and Kratos ES300 spectrometer is used for X-ray photo-
electron spectroscopy (XPS) measurements using the Ka lines of
Mg (1253.6 eV) as the X-ray source. All lines were referenced to
the C 1 s line at 285.0 eV. Peak fittings were done using the XPS-
Peak fit program.
3.2. Microscopic methods
Homogenously dispersed carbon supported Pt–Pd and the Pt–
Co alloy catalyst samples in methanol are applied on a lacy
carbon grid to examine the distribution and particle size of the
Pt alloy particles by TEM using Philips CM200-FEG. In addition,
the EDAX is also conducted for compositional analysis of the
alloy catalyst samples.
3.3. Electrochemical methods
Electrochemical experiments are performed using a Voltalab
PGZ-301 Electrochemical Impedance Spectrometer. The ink is
applied with an injection on glassy carbon electrodes and
allowed to dry in air at room temperature for 15 min to obtain
10 mg cm2 of the electrocatalysts (metal content) loading. A
classical three electrodes cell is used for the half cell measure-
ments,using a saturatedcalomel electrode (SCE) and a Pt cage as
the reference and counter electrodes, respectively. 0.1 M HClO4
(Merck, Suprapure) is used as supporting electrolyte.4. Results and discussion
4.1. Characterization of catalysts
Fig. 1 shows the XRD patterns of Pt/C, Pt–Pd/C, where the
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Fig. 9 – ORR of different catalysts in 0.1 M HClO4, at different temperatures with loading of 10 mg metal cm
L2 on glassy carbon
electrode and 20 mV sL1 sweep rate (a) on Pt/C E-TEK catalyst, (b) on Pt–Co/C E-TEK catalyst, and (c) on Pt–Co/C synthesized
electrode by polyol methods.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 0 9455From the shift of the XRD peaks it is possible to calculate the
new cell parameter aPt–Pd using the following equation:
Sinq ¼

h2 þ k2 þ 12
1=2.
2að a cubic structureÞ
The lattice parameters of Pt–Pd catalysts reflect the forma-
tion of an alloy calculated from Vegard’s law for a pure Pt–Pd
(58:42) alloy involving the incorporation of Pt and Pd atoms
into the fcc structure. (Pt lattice parameter: 3.9161 Å; Pd latticeparameter: 3.8823 Å and Pt–Pd lattice parameter: 3.896 Å).
Fig. 2 gives the XRD patterns of Pt/C and Pt–Co/C. In all
samples, apart from the first peak, related to carbon, only the
reflexions corresponding to (111), (200) and (220), character-
istic of the fcc structure of Pt were present. With the intro-
duction of Co into the fcc structure of Pt, the Pt reflections
were shifted to higher values of 2q, which is indicative of
a contraction of the lattice. No characteristic peaks of metallic
Co or Co oxides were detected, but their presence cannot be
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Fig. 10 – Comparison of ORR on Pt/C E-TEK, Pt–Co/C E-TEK
and Pt–Co/C synthesized catalysts loaded glassy carbon
electrodes at 75 8C in 0.1 M HClO4, and 20 mV s
L1.

















Fig. 12 – ORR on Pt–Co/C synthesized catalysts at 25 8C
before and after accelerated corrosion test.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 09456discarded because they may be present in a very small
amount or even in amorphous form.
Assuming that the dependence of the lattice parameter on
Co content is the same for supported and unsupported Pt–Co
alloys, the Co atomic fraction of carbon supported Pt–Co, can
be obtained from Vegard’s law. According to Vegard’s law,
assuming a linear dependence on Co atomic fraction, the
lattice parameter of Pt3Co alloy obtained. (Pt lattice parameter:
3.92 Å; Co lattice parameter: 3.54 Å and Pt–Co lattice param-
eter: 3.85 Å).
The average crystallite platinum particle size of all the
catalysts has been determined by both X-ray diffraction and
transmission electron microscopy. The Scherrer formula
(L ¼ kl/(b1/2 cos q), where L ¼ effective crystalline diameter,
k ¼ constant which was taken to be 0.9, l ¼ the wavelength of
the incident X-rays, b1/2 ¼ the breadth of a diffraction peak at
half height, and q ¼ the position of the peak maximum, has



















Fig. 11 – Accelerated corrosion test of Pt–Co/C synthesized
catalysts loaded glassy carbon electrodes at 60 8C in 0.1 M
HClO4, and 5 mV s
L1 under ORR.the X-ray diffraction pattern. The average particle size of
platinum–palladium and platinum–cobalt alloy catalysts is
found to be about 3–4 nm.
X-ray photoelectron spectra of the catalysts indicate two
different types of platinum as given in Fig. 3. As it is difficult to
differentiate Pt2þ from Pt4þ over porous carbon support, these
have been identified as Pt (0) and Ptxþ (Pt (II) or Pt (IV)), which
could be platinum oxide, hydroxide, or non-reduced Pt salt.
Figs. 4a,b and 5a show the high resolution and low
magnification transmission electron microscope (TEM)
images for the Pt–Pd/C and Pt–Co/C electrocatalysts, respec-
tively. It is evident from these figures that the Pt alloy nano-
particles are uniformly distributed with average particle size
ranging from 3 to 4 nm without any agglomeration, on the
exterior of the carbon particles. Figs. 4c and 5b show the
elemental analysis results by energy dispersive X-ray (EDAX)
analysis and evidently there is no other impurity. The statis-
tical analysis is carried out on the TEM images and the data is
provided in Fig. 6 for Pt–Co/C. As seen from the figure, most of
the particles are in the range of 3–4 nm. The particle size
distribution for Pt–Pd/C was identical to that of Pt–Co/C and
hence not given here.4.2. Electrochemical measurements
Electrochemically active surface area (ECA) of catalysts is
measured from CO stripping curves and by cyclic voltammo-
grams. For CO stripping voltammetry, the electrolyte (0.1 M
HClO4) is saturated with CO, and the electrode is immersed
into the electrolyte under potential control and CO is adsorbed
at 0.1 V (SCE) for 3 min and then the CO is purged from the
solution with pure N2. The first and second cycles are then
recorded at 20 mV s1 on the surface covered by the CO ad-
layer. Un-oxidized CO is not observed during the second cycle.
The same experiments are realised also for H2/2%CO mixture
both on Pt/C E-Tek and Pt–Pd/C synthesized electrodes. CO
stripping curves of Pt/C E-Tek (20 wt.%) and Pt–Pd/C (1:1)
(30 wt.% metal 20 wt.% Pt) catalysts are compared (keeping the
Table 2 – Activation energy values of different electrodes at different potentials for ORR in 0.1 M HClO4.
E (V) 0.800 0.775 0.750 0.725 0.700
DH*/(kj mol1) Pt/C E-TEK 1.78413 1.88216 1.93137 2.30015 2.61129
PtCo/C E-TEK 7.12867 7.50013 7.67609 7.71419 7.81222
PtCo/C synth 1.56777 1.78681 2.75374 2.81444 3.28986
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 0 9457total metal loading at 10 mg cm2) in Fig. 7. The specific surface
areas of electrodes are calculated from CO stripping curves
and cyclic voltammograms. The values calculated are
following:
Pt/C (TTK Catalyst, Japan): 44 m2 g;
Pt/C E-Tek: 128 m2 g;
Pt–Pd/C: 41 m2 g; and
Pt–Co/C: 40 m2 g.
According to Fig. 7, two potential regions can be distin-
guished both on Pt/C E-Tek and Pt–Pd/C synthesized catalysts,
during oxidation of CO adsorbed. The first potential region
(between 0.1 and 0.4 V/SCE) corresponds to the electro-oxida-
tion of the weakly adsorbed state of CO and the second one
(beginning from 0.4 V/SCE) corresponds to the electro-oxida-
tion of the strongly adsorbed CO (Table 1). It is important to
note that a reduction in the charge, corresponding to CO
adsorption, is observed for both potential ranges on bimetallic
catalysts. While only a decrease of charge is obtained for
weakly adsorbed CO on Pt–Pd/C synthesized relatively to Pt/C
E-Tek catalyst, a negative shift of oxidation peak potential
(w0.08 V) was assisted to the decrease of charge for CO strongly
adsorbed on Pt–Pd/C electrodes. Upon sweeping the potential
positively from 0.1 V, the onset of the strongly adsorbed CO
oxidation is shifted approximately by 0.03 V. H2/2%CO mixture
stripping curves of Pt/C E-TEK (20 wt.%) and Pt–Pd/C (1:1)
(30 wt.% metal 20 wt.% Pt) catalysts are compared in Fig. 8. The
pre-oxidation region is also observed in the polarization curve
for the H2/2%CO mixture. It is clearly evident that the transition
from the poisoned surface to the unpoisoned surface is related
































Fig. 13 – Tafel plots for ORR on Pt/C E-TEK, Pt–Co/C E-TEK
and Pt–Co/C synthesized catalysts loaded glassy carbon
electrodes at 75 8C in 0.1 M HClO4, and 20 mV s
L1.oxidation activity is w1.4 times more at 0.4 V for synthesized
Pt–Pd/C electrodes relatively to Pt/C E-Tek electrode.
It is observed that charge corresponded to the weakly and
strongly adsorbed CO is decreased both in the case of CO and
H2/2%CO on Pt–Pd/C synthesized relatively to Pt–E-Tek
(Table 1). Furthermore, the onset potential corresponding to
the oxidation of CO is observed at more negative potentials
than Pt (about 25 mV for H2/2%CO admixture). The negative
shifts on Pt–Pd/C electrodes both for oxidation potential of CO
and on set potentials can be due to the promoting effect of
palladium toward CO oxidation. When palladium alloys with
platinum the oxidation kinetics of CO is improved. The
enhanced activity may be attributed to electronic effect.
It is well known that most of the performance losses in PEM
fuel cells come from the cathodic reactions. Oxygen can be
electrochemically reduced either directly to water without
intermediate formation of H2O2,ad (direct 4e
 reduction) or to
H2O2,ad (2e
 reduction) and the adsorbed peroxide can be
electrochemically reduced to water (4e pathway). Then, it
can be catalytically or chemically decomposed on the elec-
trode surface or desorbed into the bulk of the solution ([41] and
references there in). It is also observed for Pt and Pt bimetallic
catalysts that there is no splitting of the OeO bond before
a peroxide species is formed. Peroxide, on the other hand may
or may not be further reduced to water. In either case, the rate
determining step, appears to be the addition of the first elec-
tron to O2,ad. Therefore, the kinetics of O2 reduction is deter-
mined either by the free platinum sites available for the
adsorption of O2 and/or by the change of Gibbs energy of
adsorption of reaction intermediates with OHad. It is also
found that the activity of all three low-index platinum planes
is significantly higher in HClO4 than H2SO4, probably because
of bisulphate adsorption onto the surface blocking the initial
adsorption of O2.
Several investigations have been carried out to determine
the role of alloying in the electrocatalytic activity of Pt for the
oxygen ORR. In this work, carbon supported nano-sized Pt–Co
(1:1) electrocatalysts prepared by polyol method are tested for
ORR in half cells. The effect of temperature on the ORR and
stability of the catalysts (Pt/C E-TEK, Pt–Co/C E-TEK and Pt–Co/C
synthesized) with increasing temperature is investigated
keeping the total metal loading 10 mg cm2 on a glassy CTable 3 – Tafel slopes and number of electrons
exchanged for ORR at 758C in 0.1 M HClO4 with a sweep
rate of 20 mV sL1.
Electrocatalysts (d log i/d E ) n
Pt/C E-TEK 0.602 0.086
PtCo/C E-TEK 0.373 0.052
PtCo/C synth 1.076 0.149






Nafion-212; 70 °C, H2/O2 at ambient pressure
Pt/C Anode (TKK) & Pt/C Cathode (TKK)
Pt-Pd/C Anode & Pt/C Cathode (TKK)




















Fig. 14 – Fuel cell performance curves for (a) Pt/C (TKK)
anode & Pt/C (TKK) cathode, (b) Pt–Pd/C anode & Pt/C
cathode, and (c) Pt/C anode & Pt–Co/C cathode based MEAs
with Nafion-212 electrolyte at 70 8C, 100% RH using H2/O2 at
ambient pressure.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 09458electrode under the same experimental conditions (Figs. 9a–c).
Tocompare the results, currentscale isalso given asA/g(Pt) at (z)
axis because Pt/C E-TEK, Pt–Co/C E-TEK and Pt–Co/C synthe-
sized contains 20%, 15,35% and 23% platinum, respectively. O2
reduction activity decreases at 90 C, for all of the three elec-
trodes. These three catalysts are then compared for their ORR
activity at 75 &deg;C (Fig. 10). Comparing the result of Pt–Co/C E-
TEK and Pt/C E-TEK at 75 C, we have observed an increase of
current at positive and negative potentials relatively to
maximum reduction potentials for Pt–Co/C E-TEK electrode.
However oxygen reduction current was about 12 A/g (Pt) more
for synthesized Pt–Co/C at maximum reduction potential rela-
tively to Pt/C E-TEK, Pt–Co/C E-TEK. We have checked the I–V
curves of catalysts under N2 purged supporting solution. Any
decrease of activity is definitely not in the survey scans up to
90 Cfor all threecatalysts.However,acceleratedcorrosiontests
in half cells are realized at different temperatures. In this test,
the entire active surface of the catalyst is exposed to the 0.1 M
HClO4 by cycling continuously under ORR conditions (about 100
cycle) with a scan rate of 5 mV s1. High proton mobility in the
liquid results in more severe catalyst corrosion than that
observed in the MEA. Under these conditions, the deterioration
of the catalysts is accelerated from 60 C. Fig. 11 shows the
current decay under ORR conditions between first, 50th and
100th cycles at 60 C. After 100 cycles at 60 C, the catalytic
activity of Pt–Co alloy is checked again at 25 C for ORR and
compared to that of the first cycle obtained at 25 C before
cycling at 60 C. Difference of the current density observed both
at 60 C after first and 100th cycles and at 25 C before and after
100thcycles at 60 C (Fig. 12) may be attributed to the surface
corrosion of the electrode at high temperatures. Similar results
are observed in the literature and current decay is attributed to
metal dissolution [42].
Activation energies calculated at different potentials for
three electrodes are given in Table 2. It is observed that acti-
vation energies (ca. 1.6 kJ mol at 0.8 V) for Pt–Co/C is similar to
those obtained with Pt/C (E-Tek). This implies that the reac-
tion mechanism on Pt–Co/C alloy surfaces is the same as the
one proposed for Pt/C (E-Tek). Tafel slopes and the number ofelectrons exchanged are observed from Fig. 13 for three elec-
trodes and are given in Table 3, which led us to suggest the
existence of the adsorption step on the reaction kinetic.
A significant improvement of the ORR on Pt–Co/C alloy
surfaces may imply an inhibition of OHad formation above
0.8 V. It was difficult to observe the true effect of Co sites on
the adsorption properties of Pt atoms. However, we could
suggest that Co may change the distribution of platinum or
the local bonding geometry (the structure effect). It could also
directly modify the reactivity of the platinum atoms (the
electronic effect).
Fig. 14 compares synthesized catalysts with conventional
electrodes in single cell. The polarization performance of
single cell PEM fuel cells for MEAs fabricated with Pt/C anode
(TKK) & Pt/C cathode (TKK), Pt–Pd/C anode & Pt/C cathode
(TKK) and Pt/C anode (TKK) & Pt–Co/C cathode based catalysts
and with Nafion-212 electrolyte are compared at 70 C, and
100% RH using H2/O2 at ambient pressure. As seen from the
Fig. 14, although the fuel cell performance in the activation
and the ohmic regions are too similar compared to conven-
tional electrodes using Pt–Pd anode electrodes, conventional
electrodes give a slightly better performance in the ohmic
region comparing to Pt–Co cathode. Since the resistivity is the
sum of ohmic resistance due to membrane, electrodes,
contact resistance, etc., and all the samples are prepared
using the same membrane, contact resistance, ink prepara-
tion method, etc., ohmic drop can be attributed to the non-
noble Co presence and corrosion of Co in the catalyst layer
prepared by the polyol method.
However, the mass activity (mA/mg of Pt) is insignificant
for Pt–Pd/C and Pt–Co/C based MEAs compared to Pt/C (TKK)
anode and cathode based MEA, if only the Pt metal content is
considered. It is worth mentioning that these catalysts are less
expensive compared to the commercial catalysts. However,
the long term performance stability of the Pt–Pd/C as well as
Pt–Co/C catalysts needs to be performed before they are
considered for any commercial viability.5. Conclusions
The present study clearly demonstrates the potential of Pt-
based binary alloys for use in the PEM fuel cells. In this work,
polyol methods are used for the synthesis of Pt-based binary
alloys to obtain particle size in the range of 3–4 nm. An
improvement of CO tolerance for the Pt–Pd/C electrocatalysts
is definitely observed compared to that of Pt/C. Based on the
results obtained, the inhibition of the poisoning effects could
be attributed to the inability of carbon monoxide to fully
occupy the vacant sites for hydrogen adsorption and eventual
oxidation on the bimetallic catalyst. Our results show that for
Pt–Pd/C, both Pt and Pd atoms contribute to the activity.
Hydrogen oxidation should more effectively proceed on Pt, so
in principle it is the accessibility of free Pt sites that is more
important. This seems to be guaranteed by an overall decrease
of CO coverage on the catalyst particles which is induced by
the synergistic effect Pd on Pt with increasing number of
defects on the Pt nano-particles and enhancement of the
overall reaction by decreasing the electrode poisoning. More-
over, Pd can also act as a supplier of hydrogen atoms, by
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 9 4 5 0 – 9 4 6 0 9459providing vacant adjacent sites for hydrogen molecules to
dissociate.
Pt–Co/C catalysts prepared by reduction with diethylene
glycol can be considered a promising material for PEM fuel
cells. Although it is very difficult to separate the structure,
electronic and distribution effects of Co on Pt–Co alloys, it is
reasonable to propose that the electronic effects may play the
major role in the Pt–OHad energetic, thus in the reactivity of
platinum surface atoms. It is well known that the size, shape
and distribution of the atoms on the alloy depend on the
preparation conditions and the method for the Pt–Co alloy. So
their preparations and investigations as presented in this
work by reduction with diethylene glycol help to identify
important aspects of the polyol reduction methods to prepare
supported catalysts and to understand the properties of the
resulting materials.
Comparing the polarization curves in single cell with
conventional electrodes, the nano-structured thin catalyst
layers showed a slightly higher ohmic resistance. However
these catalysts are less expensive than commercial catalysts.
The stability of Pt–Co/C electrodes is still limited yet, particu-
larly at temperatures above 60 C, and hence the application is
limited to low temperature fuel cells. Further research is in
progress for improving the stability of Pt–Co/C electrocatalysts.
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